Graphene is not the only prominent example of two-dimensional (2D) materials. Due to their interesting combination of high mechanical strength and optical transparency, direct bandgap and atomic scale thickness transition-metal dichalcogenides (TMDCs) are an example of other materials that are now vying for the attention of the materials research community. In this article, the current state of quantum-theoretical calculations of the electronic and mechanical properties of semiconducting TMDC materials are presented. In particular, the intriguing interplay between external parameters (electric fi eld, strain) and band structure, as well as the basic properties of heterostructures formed by vertical stacking of different 2D TMDCs are reviewed. Electrical measurements of MoS 2 , WS 2 , and WSe 2 and their heterostructures, starting from simple fi eld-effect transistors to more demanding logic circuits, high-frequency transistors, and memory devices, are also presented.
Introduction
After quantum dots, nanowires, and nanotubes, two-dimensional (2D) materials in the form of sheets with atomic-scale thickness represent the most recent nanoscale material family under intense study. These materials appear in their bulk form as stacks of layers held together via van der Waals interaction in crystals. Single layers with atomic-scale thickness can be extracted from such crystals. The best-known example is graphite, composed of individual graphene layers. Twodimensional materials are attractive for use in electronic devices because, compared to nanowires and nanotubes, it is easier to fabricate complex structures from them. Their atomicscale thickness makes it possible to tune their properties using external electric fi elds, while control over the number of layers in mesoscopic structures gives an additional way to modify their electronic and optical properties. 1 , 2 The fi rst layered material to be thinned to a single monolayer (ML) was graphite, where the ML is referred to as graphene. 3 It continues to be widely studied because of its rich physics and high mobility. 4 However, pristine graphene does not have a bandgap, which is required for many applications in electronics and optoelectronics. Bandgaps can be engineered in graphene, but this increases complexity either reduces mobilities to the level of strained silicon fi lms ( ∼ 100 cm 2 /Vs at room temperature) or requires voltages on the order of 100 V. 5 , 6 One of the key advances that brought attention to 2D semiconductors was the demonstration of a fi eld-effect transistor (FET) with a high ON/OFF ratio based on a single layer of MoS 2 , 7 a semiconducting material from the transition-metal dichalcogenide (TMDC) family. This was the fi rst demonstration of a high-quality device based on a 2D material other than graphene.
MoS 2 ( Figure 1 ) is a member of a large family of materials known as TMDCs (please see the Introduction article in this issue of MRS Bulletin ). They have the common chemical formula MX 2 , where M stands for a transition metal (M = Mo, W, Nb, Ta, Ti, Re) and X for Se, S, or Te. Bulk TMDC crystals are formed by vertical stacking of 2D layers that are ∼ 6.5 Å thick. Depending on the chemical composition, they can have different electrical properties ranging from semiconducting to superconducting. Single layers can be extracted using the micromechanical cleavage technique, 9 , 10 commonly used for the production of graphene or liquid phase exfoliation, a mild solvent-based exfoliation technique.
11 Large-area MoS 2 can be grown using chemical-vapor-deposition-like growth techniques. 12 , 13 The lack of dangling bonds also makes it possible to re-stack different 2D materials in the vertical direction and produce heterostructures 14 without the requirement of lattice matching.
Around 60 TMDC materials were known in the late 1960s, with around 40 of them having a layered structure 15 ( Table I ).
First reports of ultrathin (10 nm thick) MoS 2 date back to 1963, 16 while the production of single-layer MoS 2 in suspension was fi rst reported in 1986. 17 The rapid growth of graphene-related research and the development of new techniques for working with ultrathin layered materials opened new perspectives for the study of 2D TMDC layers. The indication that TMDC MLs are fundamentally different from thicker bulk material came with the realization that the bandgap of MoS 2 changes from the bulk value of 1.2 eV 18 to 1.8 eV 19, 20 as the thickness is decreased down to a ML. This is due to quantum-mechanical confi nement in the vertical direction 21 and the resulting change in hybridization in orbitals related to M and X atoms. Moreover, unlike the bulk material, singlelayer MoS 2 is a direct gap semiconductor. This seems to be a general feature shared by many other semiconducting TMDCs (MoSe 2 , WS 2 , WSe 2 , MoTe 2 ) that are expected to show indirect to direct bandgap transitions in the limit of a single layer, spanning the 1.1-1.9 eV bandgap energy range. 21 -25 Even though a large number of layered TMDCs are known, only a handful of them are widely available in the form of a synthetic material. Most of the recent research efforts are concentrated on semiconducting TMDCs due to their potential for applications in electronics, with MoS 2 being the most studied example due to the fact that it is also available in the form of a naturally occurring mineral, molybdenite.
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Modeling the electronic structure of TMDCs Important contributions to the development of the fi eld of 2D crystals have come from theory. While theory offers an explanation of many fundamental experimental effects, many phenomena have been predicted by computer simulations. In the following, some of these examples are compiled, with a focus on our own contributions. It is important to note that calculations on 2D materials may require different approaches and computational details, so the interested reader is referred to our recent tutorial reviews of the topic. 1 , 36 Theoretical modeling offers fast screening of many 2D crystals. We have compiled the structural and electronic properties of a large selection of 2D crystals, thus providing a database of bandgaps, effective electron and hole masses, lattice parameters, and band structures for further investigation by experiment and theory. 37 Materials with spectacular properties invite further investigation; for example, in the case of PdS 2 , a Group 10 TMDC with 1T symmetry is semiconducting as a ML, but becomes semimetallic as a bilayer (BL). 38 When Group 6 semiconducting -MX 2 materials with the 2H (trigonal prismatic) structure type ( Figure 1b ) are confi ned from the bulk to the ML, their crystal symmetry lowers, and their electronic structure changes signifi cantly. An important example of this quantum confi nement is the observed enhanced photoluminescence signal from a MoS 2 ML, which has been rationalized by band structure calculations. 19 , 20 MoS 2 , when thinned down to a ML, undergoes an indirect to direct bandgap transition, as illustrated in Figure 2 . We have shown that this phenomenon is not restricted to MoS 2 but is also present in other Group 6 MX 2 materials. 21 Figure 2 also shows the importance of relativistic effects. Schwingenschlögl et al. 39 predicted giant spin-orbit (SO) splitting for MoS 2 ML on the basis of density functional theory calculations. This strong quantum effect alters the electronic levels of the material, depending on their spin signature, due to the interaction of the intrinsic electron spin with its angular orbital momentum. This effect is also general for all 2H Group 6 MX 2 materials, with values reaching 480 meV for WTe 2 . 40 It is intriguing to compare the electronic property changes of MX 2 MLs and BLs. While MLs show giant SO splittings, these are absent in the bulk and BLs, which is explained by the presence of an inversion center, resulting in the presence of two degenerate orbitals of opposite spin for any point in the band structure. Thus, it is possible to exploit the symmetry for tuning the SO splitting, offering interesting materials for spintronic applications. Any symmetry breaking will introduce SO splitting in the BL. One way to do this is by an external electric fi eld normal to the basal plane, for example, provided by a gate voltage, as shown in Figure 3 . This introduces a Stark effect--the applied electric fi eld quasi-linearly splits the bands--and the SO splitting converges quickly to about the same values as found for the respective MLs. 41 After a fi eld strength of ∼ 5 V/nm, a value that can be reached experimentally, the SO splitting is saturated. However, MX 2 MLs are insensitive to the presence of even strong gate voltages. 42 External fi elds have another important effect on the electronic structure of MX 2 materials and can be used to tune the bandgap. Again, MLs are almost unaffected by external electric fi elds, with bandgap and effective electron and hole masses remaining stable. 42 Only at very high fi elds of about 50 V/nm do the bandgaps get smaller and eventually vanish, but at such a high fi eld strength in the laboratory, MLs would not remain intact. BLs show a quasi-linear decrease in the bandgap in the presence of an external fi eld ( Figure 4 ).
Mechanical deformation is another way to change the electronic structure in MX 2 materials. Group 6 2H MX 2 materials readily form nanotubes and nanoonions, which have been investigated for their tribological properties. WS 2 nanotubes resist strain for elongations of 10% and more, thereby showing a linear strainstress relation up to rupture. 43 In the 2D crystal, deformation is accompanied by strong electronic effects (straintronics). Under isotropic and unidirectional strain, the bandgap is almost linearly lowered until a semiconductormetal transition is observed at about 10% isotropic strain ( Figure 4 ) . 44 Note that strained MoS 2 ML, as well as related Group 6 MX 2 MLs, are no longer direct bandgap semiconductors.
The metallic state has been confi rmed by explicit calculations of the quantum conductance, indicating that transport 
HfS 2
First experimental studies on mesoscopic structures have been performed on compounds in bold. 2H (trigonal prismatic) structure; most stable are in red. channels are opened. Unidirectional strain gives similar results but with a smaller magnitude. Also, unidirectional strain can be employed to introduce anisotropy to the electronic properties. 45 However, it is diffi cult to introduce strain experimentally. One way is to employ an atomic force microscope (AFM) tip; computer simulations of an indentation experiment showed that the electronic structure of MoS 2 remains remarkably stable up to the point of piercing by the tip. 46 Another method is bending, or thermal expansion, which could be carried out on a substrate with a strong thermal expansion coeffi cient. However, due to the low friction coeffi cient of Group 6 MX 2 , only a small amount of isotropic strain or compression can be introduced into a MoS 2 ML. 47 Nevertheless, the fi rst experiments with strain up to 2% confi rm that the bandgap of MoS 2 ML can be tuned by strain with an accompanying bandgap decrease of ∼ 70 meV per % strain. 48 , 49 The electronic properties of MX 2 materials are strongly affected by defects that often form due to the synthesis procedure. For instance, point defects lead to new photoemission peaks and enhanced photoluminescence intensity in MoS 2 MLs. 50 These effects can be attributed to the trapping potential of free charge carriers and to localized excitons. Simulations of the electronic structure of defective MoS 2 ML show that defects introduce mid-gap states that act as scattering centers. 51 Our non-equilibrium Green's function transport simulations, where the current due to a potential drop between two leads in the presence of a bias voltage is calculated, show that single atomic vacancies can signifi cantly reduce the average conductance and lead to signifi cant anisotropy of electron transfer in MLs with grain boundaries. These results indicate that defects are important limiting factors in electronic transport, 52 thus explaining a large variation of conductivity in different samples.
Similar to freestanding graphene, MX 2 MLs are not completely fl at, which was shown from the microscopic structure of thin MoS 2 layers using high-resolution transmission electron microscopy and atomic force microscopy. 53 MoS 2 MLs form ripples, which may reach heights of 6-10 Å for a lateral fl ake length of 6-10 nm. This was supported by Born-Oppenheimer molecular dynamics simulations. Here, forces on the atoms are calculated from fi rst principles, while the dynamics of the atoms is calculated using classical theory. These simulations confi rmed that the inherent dynamics of MoS 2 MLs lead to spontaneous ripple formation even at temperatures as low as 77K. 54 The ripples converged to the heights observed experimentally for supercells with lateral lengths of about 9 nm. The equilibrium value is marked with a red circle. The range of direct bandgap transition is marked with dotted vertical lines and labeled Δ D . Outside this small region around the equilibrium distance, the bandgap is indirect ( Δ I ). The bandgap reduces almost linearly for compression (to the left) and expansion (to the right), where a semiconductor-metal transformation is reached at ∼ 10% strain. The fi gure also includes the reciprocal lattice points at which the smallest energy transition from valence to conduction band is possible.
Field-eff ect devices
One of the most direct ways of accessing the electrical properties of a material is to incorporate it in an electronic device, for example in a FET (see Figure 5 ). In this multi-terminal device, current is injected by applying a voltage between source and drain electrodes, while the charge density can be modulated and the Fermi level varied using the gate electrode. FETs are not just convenient devices for probing the electrical properties of materials, but they are also the main building blocks of modern electronics, so demonstrating that a well-behaved FET can be made using a new semiconducting material is an important step in highlighting their technological relevance. Radisavljevic et al. reported the fi rst FET based on a 2D TMDC material in 2011. 7 It included a HfO 2 top-gate dielectric and showed a current ON/OFF ratio exceeding 10 8 at room temperature and OFF-state currents smaller than 25 fA/µm. For comparison, an ON/OFF ratio of 10 6 and an OFF-state current on the order of 1 nA/µm is considered acceptable for digitial electronic circuits. This showed for the fi rst time that electronic devices with interesting performance levels could be realized based on 2D materials other than graphene. It resulted in the inclusion of MoS 2 and semiconducting TMDCs in the International Technology Roadmap for Semiconductors 55 in 2011. The encapsulation of MoS 2 using insulating HfO 2 was crucial in achieving high performance levels in early devices. Subsequent temperature-dependent measurements of electrical transport in various geometries 56 showed that encapsulation in HfO 2 can effectively increase the mobility of MoS 2 through a combination of homopolar phonon mode quenching 57 , 58 as well as charged impurity screening by the dielectric and the top gate. 59 A complementary approach to achieving high mobility involves vacuum annealing, resulting in the removal of adsorbates, 60 , 61 lower noise, 62 and low-temperature mobilities in ML MoS 2 of ∼ 250 cm 2 /Vs extracted from Hall effect measurements and fi eld-effect effective mobilities of ∼ 1000 cm 2 /Vs. 61 These values could be signifi cantly underestimated and lower than the intrinsic limit 57 due to the presence of electronic trap states 63 and the formation of a band tail, as seen in Figure 6 a. The smearing of the band edge due to various types of inhomogeneities could include sulfur vacancies, charges trapped at the TMDC/dielectric interface, or other structural defects. The extent of the band tail in MoS 2 was characterized by Zhu et al., who found a ∼ 100 meV characteristic energy width of the band tail using frequency-dependent capacitance-voltage measurements 63 ( Figure 6b ). While further increases in the mobility of MoS 2 are to be expected, it is already large enough to allow operation of MoS 2 -based transistors in the GHz range, where current, voltage, and power gains were demonstrated. 64 These performance fi gures are mostly limited by the contact resistance.
Reducing the contact resistance due to the Schottky barrier between the 2D semiconductor and the metal and realizing an ohmic contact is one of the most important challenges for engineering a high-quality device. This is, for example, crucial in achieving highly responsive photodetectors. 65 One way to achieve this is by using low work-function metals as contacts, such as Ni 66 or Sc. 67 , 68 In addition to choosing the metal with an advantageous work function, other factors such as the orbital overlap between the metals and TMDCs and the contact geometry (top versus edge contacts) also play important roles, as shown by Kang et al. fi rst in their theoretical study 69 and later in the experimental demonstration of low-resistance Mo contacts to MoS 2 .
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A complementary approach is to reduce the Schottky barrier height by doping the semiconducting region under the contact (e.g., by p -doping WSe 2 devices to NO 2 31 in order to improve Pd contacts, n -type doping using the chemical compound benzyl viologen to improve Ni contacts to MoS 2 , 71 or chlorine doping in the case of Ni on WS 2 and MoS 2 ). The biggest reduction in contact resistance reported so far was by using the radical approach of converting MoS 2 in the contact region from the semiconducting 2H to the metallic 1T phase by locally increasing the charge doping level using lithiation, 73 resulting in a contact resistance of less than 300 Ω ·µm. Previous typical contact resistance values were above 1 k Ω ·µm. Not only can MoS 2 be semiconducting or metallic, but at suffi ciently high doping levels, it can also become superconducting, with a gate tunable transition temperature showing a maximum at 11 K. 74 Because 2D TMDCs are direct bandgap semiconductors, FETs based on these materials can also be used as simple and effi cient photodetectors. Early phototransistors based on MoS 2 had a photoresponsivity of 7.5 mA/W. 75 Using layers with different thicknesses, the responsivity of the photodetector can be tuned to different wavelength ranges. 76 Lopez-Sanchez et al. 65 32 Using liquid gating, in which an ionic liquid is used in place of a solid dielectric, it was possible to achieve ambipolar operation in ML WSe 2 77 as well as in WS 2 . 78 While most of the work in 2D TMDC-based transistors has focused on using a 2D material as the semiconducting channel, the wide range of electrical properties represented by 2D materials, from insulating such as boron nitride (BN) to superconducting, implies that, in principle, all parts of an FET structure can be replaced by 2D materials. The lack of dangling bonds in 2D materials also weakens the usual constraints of lattice matching that limit the possible combinations for "classical" three-dimensional materials. This allows for the realization of a host of new types of devices, such as vertical FETs with several BN 12 or TMDC layers 79 sandwiched between graphene electrodes.
Being a good conductor, graphene can be used as an electrical contact for lateral electrical transport through MoS 2 and other 2D semiconductors.
Bertolazzi et al. 80 demonstrated fl ash memory cells based on ML MoS 2 contacted by low-resistance ohmiclike graphene contacts (see Figure 7 ). By using BN as the gate insulator, the entire FET structure could be implemented using 2D materials as the contact, semiconducting channel, and gate insulator. 81 
Electronic circuits
Electronic circuits based on 2D TMDC semiconductors have already been demonstrated. Radisavljevic et al. 82 realized the fi rst such circuit, which consisted of two transistors on the same piece of ML MoS 2 and operating as an inverter. The gain of the inverter was higher than 4, indicating that such logic gates could be integrated into more complicated circuits without attenuation of voltage levels. The same device can also be operated as an analogue amplifi er 83 for small signals. Logic circuits based on BL MoS 2  84 and complementary inverters based on  WSe 2 85 were also demonstrated, as were ring oscillators and random access memory circuits. 84 Bertolazzi et al. 80 demonstrated fl ash memory cells, with operating principles similar to the ones used in consumer electronic devices such as cell phones and cameras, in a heterostructure geometry. Such devices could offer reduced crosstalk between neighboring memory cells and could be scaled to smaller sizes due to the high sensitivity of the ML MoS 2 semiconducting channel to the charge stored on the multilayer graphene fl oating gate.
Flexible devices
In addition to its interesting electronic applications, TMDC semiconductors have favorable mechanical properties. The fi rst mechanical measurements of the stiffness and breaking strength of single and BL MoS 2 were carried out by suspending MoS 2 membranes on perforated substrates and deforming them using an AFM tip. 86 These experiments showed that MoS 2 has a Young's modulus of ∼ 270 GPa, higher than that of steel ( ∼ 205 GPa). The breaking strength of single and BL MoS 2 was between 6% and 11% of their respective Young's modulus, which represents the upper theoretical limit of a material's breaking strength 87 and refl ects the intrinsic properties of its interatomic bonds. This makes ML MoS 2 the strongest semiconducting material and suggests that MoS 2 is suitable for integration with fl exible plastic substrates, such as polyimide, whose maximum strain before failure is ∼ 7%. Similar mechanical properties are expected in all TMDC materials because of the similar nature of interatomic bonds in these materials. Therefore, MoS 2 is an interesting material for fl exible electronics and nanoelectromechanical systems. CastellanosGomez et al. 88 realized the fi rst devices of this kind when they demonstrated nanomechanical resonators based on ML MoS 2 membranes with resonant frequencies of up to 30 MHz. A number of fl exible FETs based on MoS 2 have been realized using liquid gels, 89 high-κ (where κ is the dielectric constant), 90 or BN 91 as dielectrics, and show robust electrical operation against mechanical deformation.
Summary
We have summarized the most recent work on MoS 2 and other Group 6 TMDC materials, focusing on their electronic properties and their potential to enter the fi eld of next-generation 2D electronics, including applications in low-power electronics (due to reduction of leakage currents and contact resistance), fl exible electronics, optoelectronics, and straintronics. The enormous progress of the fi eld, ranging from fundamental science up to device implementation, is refl ected by the large number of scientists working in the fi eld, even though the fi rst transistor on a MoS 2 ML was reported only recently. MoS 2 and other TMDCs are being developed, in synergy with graphene and hexagonal boron nitride, as important material components for 2D electronics. The work has just begun, and a large number of TMDCs have not even been synthesized or studied.
